| Limited trypsinization and biophysical properties of cytosolic STIM1 fragments. a, Electrospray ionization mass spectrum (ESI-MS) of trypsinized OASF ext (i.e. residues 234-491). OASF ext (1.0 mg mL -1 ) in 20mM TRIS, 300mM NaCl, 2mM DTT, pH 8.0 was trypsinized (0.015 mg mL -1 ) for 5 min and stopped with the addition of 0.1mM AEBSF. Residue boundaries were determined by theoretical mass calculations defined from the primary sequences ( Supplementary Table  S1 ). Cyan rectangles indicate residue ranges of the pre-and post-trypsinization fragments. b, ESI-MS of trypsinized OASF (i.e. residues 234-474). OASF was digested under the same conditions as noted in (a). The largest common fragments observed in the (a) and (b) mass spectra include the 312-387 (i.e. CC1 [TM-distal] -CC2) and 388-474/491 peptides ( Supplementary Table S1 ). c-e, Far UV circular dichroism (CD) and thermal stability of OASF ext (c) (20mM TRIS, 300mM NaCl, 2mM DTT, pH 8.0), CC1 [TMdistal] -CC2-CC3 (d) (20mM TRIS, 265mM NaCl, 0.1mM L-Glu, 9mM L-Arg, 0.4mM DTT, pH 8.0) and CC1 [TM-distal] -CC2 (e) (50mM NaH 2 PO 4 , pH 7.3) acquired at 20˚C. The intense 208 and 222nm minima indicate high -helicity. The insets show the temperature unfolding profiles monitored as the change in CD signal at 222nm. OASF ext and CC1 [TM-distal] -CC2-CC3 showed T m values (i.e. temperatures where the fractional change in ellipticity was equal to 0.5) more than 13˚C higher than CC1 [TM-distal] -CC2. CC3
alone tended to self-associate, aggregate and precipitate precluding any in vitro analyses. f-h, SEC-MALS of OASF ext (f), CC1 [TM-distal] -CC2-CC3 (g), and CC1 [TM-distal] -CC2 (h). The SEC-MALS data were acquired in 20mM TRIS, 300mM NaCl with the exception that 2mM DTT was added in (f) and (g). OASF ext eluted as ~2.1× the theoretical monomeric mass (i.e. monomer=30766 Da) at injection concentrations of 75 and 150 M. CC1 [TM-distal] -CC2-CC3 eluted as ~2.1× the theoretical monomeric mass (i.e. monomer=21273 Da) at injection concentrations of 75 and 150 M. CC1 [TM-distal] -CC2 exhibited a stronger concentration-dependence in apparent molecular weight as ~1.9× the theoretical mass of the monomer (i.e. monomer=9684 Da) was observed at 300 M, and lower masses of ~1.5-1.6× the monomer were observed at injection concentration of 75 and 150 M. -CC2 SAXS data acquired without TFE at 1, 2 and 3 mg mL -1 . The radius of gyration (R g ) [i.e. √(3×slope)] is from the Guinier analysis performed using AUTORG 60 . b, Pair distribution functions derived from CC1 [TM-distal] -CC2 SAXS data acquired without TFE at 1, 2 and 3 mg mL -1 using AUTOGNOM 60, 61 . c, Comparison of the CC1 [TM-distal] -CC2 solution structure theoretical scattering profiles with the experimental SAXS data acquired without TFE. The theoretical scattering profiles were generated from the structures and compared to the experimental dataset (1 mg mL -1 ) using the AXES server 62 . The conformer among the 20 structure NMR ensemble with the best fit to the experimental dataset is shown (red line). The R g of the fitted profile was calculated using AUTORG. Experimental data (closed black circles) are plotted with uncertainties (grey vertical bars). d, SAXS-reconstructed bead model of CC1 [TM-distal] -CC2. Each SAXS profile at 1, 2 and 3 mg mL -1 was used along with the AUTOGNOM output for the DAMMIF 63 reconstruction of 20 ab initio bead models. The 60 total models were averaged and filtered using DAMAVER and DAMFILT 61, 64 , respectively, into a final model, and SITUS 65 was used to dock the NMR solution structure into the SAXS bead model. The docked NMR structure (blue cartoon), fits very well into the SAXS bead model determined in the absence of TFE (grey surface). The DAMMIF model fit well to the experimental scattering profile (1 mg mL -1 ) using AXES, revealing a  = 0.22 ( Supplementary Fig. S3c ; green line). SAXS data was acquired in 20 mM bis-TRIS, pH 5.5, 4 ˚C. PRIMUS 66 was used to subtract buffer contributions from the sample datasets. A summary of structural parameters derived form the SAXS data is given in Supplementary Table S2 .
Supplementary Fig. S4 | Dynamic light scattering (DLS) structural validation of CC1 [TM-distal] -CC2.
The average of 10 consecutive autocorrelation functions, each with a 10 s accumulation time is shown. Deconvolution using the monomodal cumulants algorithm was performed in the accompanying DYNAMICS software (Wyatt Technology) to gauge the hydrodynamic radius (R H ) and monodispersity. Data was collected on a ~5 mg mL -1 sample in 20 mM Tris, 300 mM NaCl, pH 7.3 at 20 ˚C, immediately after centrifugation (5 min at 7600×g) and filtration through a 20 nm filter to remove and limit the presence of time-dependent oligomers.
Supplementary Fig. S5 | Side chain packing in apo CC1 [TM-distal] -CC2 and the CC1 [TM-distal] -
CC2:Orai1 C 272-292 complex structures. a, Supercoiling within the 1:1' interface between E320 to A331 of apo CC1 [TM-distal] -CC2. The packing between V324 (purple) and A327 (magenta) side chains (sticks) at the 'a' and 'd' knob residues is shown. b, Supercoiling within 2:2' interface between H355 to A369 of apo CC1 [TM-distal] -CC2. The packing between E358 (magenta) and K366 (purple) side chains (sticks) at the 'a' and 'd' knob positions is shown. c, Side chain packing at the 2:L1' interface of apo CC1 [TM-distal] -CC2. The side chain positions of the 2 (olive sticks) and L1' (green sticks) residues are shown. d, Supercoiling within the 2:Orai1 C 272-292 interface. The supercoiling between residues A369 to A380 of each 2 helix and L276 to D287 of each Orai1 C 272-292 . A280 (purple) and Q283 (magenta) side chains (sticks) of Orai1, and L373 (purple) and A376 (magenta) side chains (sticks) of STIM1 pack as the 'a' and 'd' knob residues, respectively. . The SOAR coordinates are from segid A of 3TEQ.pdb. c, Intramolecular supercoiling within SOAR. Residues K366 to A376 in CC2 and I409 to A419 in CC3 delineate the intramolecular supercoiled segments within SOAR (grey cartoons). The CC2 'a' and 'd' knob positions are occupied by A369 and L373, respectively (purple sticks); the CC3 'a' and 'd' knob positions are occupied by A412 and L416, respectively (magenta sticks). N and C, denote the amino and carboxy termini, respectively. In (a), (b) and (c) the SOAR helices are illustrated as grey cartoon representations. NOTE: For the CC2 helices of the V-shaped crystal structure SOAR dimer 24 to adopt a similar CC2:CC2' conformation as revealed in the apo CC1 [TM-distal] -CC2 structure, CC3 must be repositioned to preclude steric clash, the CC2:CC2' helix crossover angle must open from ~40˚ (i.e. parallel configuration) to ~170˚ (i.e. antiparallel configuration), and rotations about the CC2 helical axes must closely appose Y362:Y362' residues. 60 . Automatically selected data for the Guinier plots were 0.45 ≤ qR g ≤ 1.30. Parentheses report the Guinier plot quality indicator output by AUTORG. † Determined using AUTOGNOM from the ATSAS software suite 60 . The data range used was from q min = 0.019 (i.e. the low cutoff determined by AUTORG) and q max = 0.18 (i.e. the value where the three scaled scattering profiles began to diverge). ‡ Determined using AUTOPOROD from the ATSAS software suite 61 . The data range used was from q min = 0.019 (i.e. the low cutoff determined by AUTORG) and q max = 0.18 (i.e. the value where the three scaled scattering profiles began to diverge). The T m refers to T m mutant -T m wild-type recombinant CC1 [TM-distal] -CC2 assessed by far-UV-CD thermal melts acquired at 222 nm. ‡ CRAC currents were measured by co-over-expression of full-length STIM1 with Orai1 in HEK-293 cells; 'maximal' refers to the development of wild-type-like maximal inward currents; 'partial' refers to significantly reduced maximal inward currents compared to wild-type expressing cells; 'none' refers to no detectable inward currents. n/a, not applicable; n.d., not determined.
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Supplementary Discussion
Trypsin-resistant regions within OASF Residues 234-311 (i.e. renamed CC1 [TM-proximal] ) were highly sensitive to trypsinization, while CC1 [TM-distal] -CC2 and CC3 were identified as largely resistant fragments ( Supplementary Fig. S1a and S1b; Supplementary Table S1 ). All three OASF ext , CC1 [TM-distal] -CC2-CC3 and CC1 [TM-distal] -CC2 proteins were highly -helical exhibiting intense 208 and 222nm far-UV-CD minima ( Supplementary  Fig. S1c , S1d and S1e); however, the thermal stability of CC1 [TM-distal] -CC2 was markedly reduced [i.e. midpoint of temperature denaturation (T m ) diminished by more than 12˚C] compared to the proteins which included the CC3 domain ( Supplementary Fig. S1c, S1d and S1e insets). Despite these differences, OASF ext , CC1 [TM-distal] -CC2-CC3 as well as CC1 [TM-distal] -CC2 tended to form dimers in solution ( Supplementary Fig. S1f, S1g and S1h).
It should be noted that the absence of immobilization on a membrane and domains not included in the study could affect interactions, stability and structures elucidated using the smaller regions of multi-domain proteins; similarly, absent accessory and regulatory proteins distinct from STIM1 and Orai1 could influence the structures and biophysical characteristics of these principal CRAC channel components.
Solution optimization for NMR studies
The CC1 [TM-distal] -CC2 fragment was more amenable to solution optimization by varying pH, ionic strength, crowding agents and temperature than any other recombinant cytosolic STIM fragment. Decreasing the pH and ionic strength improved the 1 H-15 N-HSQC spectrum of CC1 [TM-distal] -CC2 considerably as evidenced by the increased number of 1 H-15 N correlation peaks ( Supplementary Fig.  S2a ); however, a low level of the co-solvent trifluoroethanol [TFE; 17.5 % (v/v)] was required to produce an 1 H-15 N-HSQC spectrum with well resolved 1 H(N) peaks ( Supplementary Fig. S2b) . A comparison of the thermal melts at pH=7.3 and 5.5 indicated that lowering the pH markedly enhanced the stability of CC1 [TM-distal] -CC2 (T m =38.5 versus T m =62.0 °C at pH=7.3 and 5.5, respectively) ( Supplementary Fig. S2c ). The addition of TFE augmented the negative ellipticity bands at 208 and 222 nm ( Supplementary Fig. S2d) ; further, estimation of fractional secondary structure components by deconvolution of the far-UV-CD spectra in DICHROWEB 59 suggested that TFE increased the helicity of CC1 [TM-distal] -CC2 by ~16 % (Supplementary Fig. S2d ).
TFE can augment the secondary structure while destabilizing non-polar interactions in tertiary and quaternary structure formation 67, 68 . The TFE concentration employed in the present work [i.e. 17.5 % (v/v)] was well below reported levels which disrupt tertiary and quaternary interactions in other coiled-coil proteins [i.e. >50 % (v/v)] 68,69 , but high enough to stabilize the -helix formation in CC1 [TMdistal] -CC2. Concentrations of TFE as high as 30% (v/v) have stabilized the secondary structure of proteins without disruption of the native states [70] [71] [72] [73] [74] [75] . Hence, TFE likely improved the spectra by stabilizing the -helicity intrinsic to this region and destabilizing the propensity for higher order and/or non-specific oligomerization caused by the relatively high protein concentrations required for NMR.
The CC1 [TM-distal] -CC2 fragment adopts a highly helical conformation in physiological-like buffers without TFE ( Supplementary Fig. S1e and S2e). We believe that 17.5 % (v/v) TFE stabilizes the helicity which is intrinsic to the domain since decreasing the temperature from 35 ºC (i.e. NMR temperature) to 4 ºC augments the measured -helicity by ~ 11 % ( Supplementary Fig. S2e) ; moreover, the addition of 10 % (v/v) glycerol, a common protein stabilizing osmolyte 76 , further stabilizes the helicity by ~5 % (i.e. ~16 % total increase in estimated helicity by glycerol crowding and temperature reduction), similar to the estimated increase in helicity after the addition of 17.5 % (v/v) TFE at higher temperatures ( Supplementary Fig. S2d and S2e).
Structural validation by solution SAXS and DLS
The radius of gyration (R g ) from the Guinier plots of the 1, 2 and 3 mg mL -1 SAXS datasets are 22.6, 22.8 and 22.9 Å, respectively; moreover, the pair distribution functions [P(r)] reveal slightly higher R g values of 23.6, 24.1 and 24.0 Å at the three concentrations ( Supplementary Table S2 ; Supplementary Fig. S3a and S3b) . Importantly, the zero q extrapolated intensities [I(0)] derived from the Guinier and P(r) analyses scale with protein concentration, and the R g (Guinier), the R g [P(r)], and the D max show no significant protein concentration dependence, indicative of good sample quality ( Supplementary Table S2 ). The Porod volume estimates from AUTOPOROD 61 exhibit a small concentration-dependence, but all molecular weights estimated from the volumes imply a dimer stoichiometry (i.e. n=1.7, 1.7 and 2.0 at 1, 2 and 3 mg mL -1 , respectively) ( Supplementary Table S2 ). Since the lowest energy NMR structure does not capture the full structural diversity allowed by the NMR constraints, we fit all 20 lowest energy structures to the SAXS data using the AXES server 62 , finding 17 of 20 structures have superior fits compared to the lowest energy model. The 'best conformer' has a fitting =0.34 ( Supplementary Fig. S3c ) compared to the lowest energy model =0.47. Nevertheless, even the 'best conformer' shows some small and systematic deviation at q < 0.04, indicative of a somewhat smaller structure than reported by the species-averaging SAXS data. Consistent with this notion, the Guinier R g from the 'best conformer' predicted data is 22.1 ± 0.3 Å calculated using AUTORG 60 , which is slightly smaller than the mean Guinier R g (i.e. 22.8 ± 0.3 Å) of the experimental data ( Supplementary Table S2 ). This difference may reflect the dynamic nature of the C-and N-terminal regions of CC1 [TM-distal] -CC2 which are not recapitulated in the atomic coordinates of the 20 lowest energy ensemble, but have been identified through backbone relaxation measurements (see Supplementary Fig. S6 ).
The SAXS intensity profiles were used for the DAMMIF 63 ab initio calculation of 60 low resolution structural envelopes with default P2 symmetry weighting (i.e. 20 generated at each concentration) that were averaged and filtered by DAMAVER and DAMFILT, respectively, into a single envelope 61, 64 . Subsequently, the lowest energy CC1 [TM-distal] -CC2 NMR structure was docked into the envelope using SITUS 65 . The best fitted location displays the high consistency between the shape and size of the NMR structure with the DAMMIF model ( Supplementary Fig. S3d ). Further, the DAMMIF model fit the experimental SAXS profile (1 mg mL -1 ) very well with a =0.22 output by AXES ( Supplementary Fig. S3c ).
As a separate confirmation of the validity of the CC1 [TM-distal] -CC2 NMR structural ensemble, we acquired DLS data in physiological-like buffer (i.e. 20mM Tris, 300mM NaCl, pH 7.3), immediately after centrifugation and filtration through a 20nm filter to limit the time-dependent presence and accumulation of oligomers. The intensity autocorrelation function showed a single decay which was recapitulated well by a monomodal cumulants fit, reporting a hydrodynamic radius (R H ) = 24.6 ± 0.6 Å with a weighted polydispersity of 8.1 ± 4.1% ( Supplementary Fig. S4 ). The mean R H calculated from the 20 lowest energy CC1 [TM-distal] -CC2 structures in HYDROPRO 77 was 23.8 ± 0.3 Å, in good agreement with the experimental value. Taken together, the SAXS and DLS data acquired in the absence of TFE are in good overall agreement of the structural ensemble solved in the presence of the co-solvent.
CC1 [TM-distal] -CC2:Orai1 C 272-292 binding
Maltose binding protein (MBP)-fused Orai1 C 272-292 (MBP-Orai1 C 272-292 ) immobilized on Amylose resin was used to assess binding in the absence of TFE. Coomassie-blue stained SDS-PAGE gels show that MBP-Orai1 C 272-292 specifically binds to wild-type CC1 [TM-distal] -CC2, whereas MBP alone showed little or no ability to pull-down wild-type CC1 [TM-distal] -CC2 ( Supplementary Fig. S7d ). Hence, TFE does not induce artificial binding between the two proteins.
The NMR spectral broadening in the absence of TFE ( Supplementary Fig. S2a ) was caused by chemical exchange due to a heterogeneous population of dimers, oligomers, as well as destabilized and unfolded states at temperatures >20 ºC [ Supplementary Fig. S1e (inset) and S1h]. We tested whether Orai1 C 272-292 binding to CC1 [TM-distal] -CC2 could stabilize a single conformation, facilitating NMR studies in the absence of TFE. While binding in the absence of TFE was confirmed by pull-down ( Supplementary Fig. S7d; see above) , the CC1 [TM-distal] -CC2:Orai1 C 272-292 interaction was unable to completely alleviate the broadening observed in the NMR spectra acquired at higher temperatures, consistent with the low affinity binding implied by titrations in the presence of TFE ( Supplementary Fig.  S7e ).
In vitro biophysical effects of CC1 [TM-distal] -CC2 mutations
The far-UV-CD spectrum of the CC1 [TM-distal] -CC2 4EQ mutant showed high -helicity, similar to wild-type; however, the T m of 4EQ was enhanced by ~6 ˚C and the unfolding showed greater cooperativity compared to wild-type, suggesting a global stabilization of this fragment ( Supplementary  Fig. S10a ). Further, the SEC-MALS of the 4EQ mutant displayed less concentration dependence (i.e. between 75-600 M) in dimer formation relative to wild-type ( Supplementary Fig. S11a and S1h). The far-UV-CD of the CC1 [TM-distal] -CC2 V324P mutant showed a marked reduction in -helicity concomitant with a drastic decrease in the T m by ~19˚C compared to wild-type ( Supplementary Fig.  S10b ). The SEC-MALS of V324P exhibited monomer through the entire 75-600 M concentration range tested ( Supplementary Fig. S11b and S1h). The CC1 [TM-distal] -CC2 Y361K/Y362K mutant caused a small far-UV-CD shift in the 208 nm minimum to 206 nm, indicative of increased random coil, and the T m was markedly reduced compared to wild-type [i.e. T m(Y361K/Y362K) ~25 °C versus T m(wild-type) ~40.5 °C] ( Supplementary Fig. S10c ). The Y361K/Y36K mutation promoted monomer compared to wild-type with a notable protein concentration-dependent increase in the SEC-MALS molecular weights ( Supplementary Fig. S11c and S1h). Overall, the CC1 [TM-distal] -CC2 A380R, I383R and 4KE mutants showed remarkably similar -helicity, thermal stability (i.e. T m ~35-35.5 ˚C) ( Supplementary Fig. S10d , S10e and S10f) and concentration-dependent dimerization ( Supplementary Fig. S11d , S11e and S11f); further, these biophysical characteristics were not unlike wild-type, with the greatest difference observed in the thermal stabilities [i.e. T m(mutants) ~35 °C versus T m(wild-type) ~40.5 °C].
Compatibility with previous mutational observations
The CC1 [TM-distal] -CC2 fragment is unable to activate Orai1 channels in live-cells, but is, nevertheless, important due to the demonstrated roles in Orai1 binding and modulation of STIM1 activation efficiency. In addition to the 9 mutations at 15 different CC1 [TM-distal] -CC2 residue positions (i.e. ~20% of the primary sequence of CC1 [TM-distal] -CC2) and the 5 mutations at 9 Orai1 C 272-292 residue positions probed in the present study, the effects of numerous previously studied mutations and constructs relevant to the present structural work are discussed (see also main text Discussion).
The significance of CC1 [TM-distal] :CC1 [TM-distal] ' interactions to CRAC activation is evident from studies demonstrating that co-over-expression of a STIM1 construct (i.e. residues 315-462) that constitutively activates Orai1 with an artificially clustered STIM1 fragment consisting of residues 238-343 inhibits SOCE 21 and removal of residues 310-337 from full-length STIM1 results in persistent ER Ca 2+ -independent puncta and SOCE 24 . The inhibitory effect of the 238-343 fragment can be attributed to heterodimerization of the 238-343 and 315-462 fragments, preventing the formation of the 2:2' SOAP necessary for Orai1 binding, and implies that residues 315-343 (i.e. the region common to both fragments that excludes CAD/SOAR) drive heterodimerization in this case, since CC1 [TM-proximal] coclustering precludes the interactions with CAD/SOAR suggested to play a role in maintaining a quiescent conformation 32, 38 .
It is unlikely that V324P directly disrupted secondary structure beyond 1 because loop1 contains a native Pro (i.e. P344), separating 1 from 2. If the mechanisms of STIM1 activation via the 310-337 deletion mutant and 4EQ mutant were the same, the V324P helix-disrupting mutation would be expected to constitutively activate STIM1; instead, an inhibitory effect is observed, consistent with the modulatory function for 1. This modulatory role is supported by a recent study demonstrating that other mutations within 1 can suppress the ability of STIM1 to activate SOCE 33 .
We show that STIM1 A380R spontaneously induces full CRAC activation, while I383R exhibits markedly suppressed currents slightly above background without significant differences in the biophysical properties of the CC1 [TM-distal] -CC2 region compared to wild-type ( Supplementary Table S3 ). STIM1 A376K constitutively forms puncta at resting ER Ca 2+ with no ability to recruit Orai1 to these ER-PM sites; further, the A369K variant partially activates CRAC entry at basal ER Ca 2+ and further responds to ER store depletion 35 . Considering that mutation of these 2 C-terminal hydrophobic SOAP residues induces varying degrees of CRAC entry (i.e. fully suppressed, slightly above background or fully active), we suggest that in addition to playing an important role in Orai1 C 272-292 binding, this region of STIM1 is implicated in the tunable conformational switch from an autoinhibited state into an activation-competent state, where, unlike I383R and A376K, the structural perturbations caused by A380R and A369K are insufficient for inhibition of CRAC entry. The charge complementarity within the SOAP (i.e. STIM1 K382, K384, K385, K386 with Orai1 D284, D287, D291) contributes to the range of mutation-induced CRAC activation phenotypes.
Supercoiling within SOAR
A crystal structure of human SOAR containing a L374M/V419A/C437T triple mutation to stabilize the dimeric state 24 , displays a single intramolecular supercoiled segment between residues K366 to A376 of 2 and residues I409 to A419 of the putative CC3, determined by SOCKET 26 (Supplementary Fig. S12c ). The A369 and L373 2 residues pack into the CC3 helix, while A412 and L416 CC3 residues pack into 2 in an 11 residue heptad repeat (i.e. abcdefg/abcd). L373S and L416S variations at these CC knob positions decrease the intramolecular FRET of YFP-OASF-CFP fragments, indicative of a mutation-induced conformational extension 32 , at least in part through disruption of the CC2:CC3 interaction. STIM1 L373S is incapable of activating Orai1 due to the involvement of L373 in the supercoiling with the Orai1 C-terminal domain, and thus, a perturbation of STIM1:Orai1 coupling 27 . Further, STIM1 L416S/L423S, which decreases the intramolecular FRET of YFP-OASF-CFP to a greater extent than L416S alone 32 , constitutively activates Orai1. These data are consistent with the notion that the intramolecular CC2:CC3 supercoiling is released during the intramolecular extension associated with Orai1 channel activation.
